1. Introduction {#sec0001}
===============

Human skin is an important target site for drug application in dermatological problems. For the treatment of skin disorders, topical drug delivery is an appropriate approach to limit the therapeutic effect on the affected region and to reduce systemic side effects. The outermost layer of skin, stratum corneum (SC), presents an efficient barrier to external agents, including drugs. This innate feature of stratum corneum also tenders a significant challenge to the formulation scientists, and in order to deliver therapeutic effective drug concentrations in various skin layers, this barrier has to be overcome.

In contemporary times, lipid-based colloidal carriers have been widely explored and have proven their merit in facilitating drug delivery. This is supported by the fact that the lipids used in such formulations are similar to physiological lipids. In light of this, lipid based colloidal systems enable improved dermal penetration, offering a rewarding option for delivering dermatological actives. Additional features which make them particularly suitable for dermal applications include their ability to adhere to the skin surface, improved hydration, replenishment of epidermal lipids by allowing the exchange of lipids between the colloidal carriers and the outermost layer of epidermis [@bib0001]. With the advent of micro-colloidal drug delivery systems, it is possible to achieve drug targeting, in addition to enhanced percutaneous absorption. In this context, numerous studies have been undertaken as well as patents granted, wherein lipid based colloidal carriers have been exploited to provide therapeutic benefits in treating various dermatological disorders [@bib0002]. Most widely investigated micro-colloidal drug delivery systems encompass micelles, microemulsions, liposomes and niosomes.

Micelles may be defined as optically isotropic thermodynamically stable liquid systems comprising of water and amphiphile. Due to their limited solubilization capacity for oils, micelles become unstable in the presence of large quantity of apolar solvents (*e.g.* alkanes). The toxic potential of surfactants is another disadvantage associated with their application. On the other hand, emulsions constitute large quantities of oil droplets dispersed in aqueous phase and are stabilized by oil saturated micelles. The droplet size of these metastable colloids is usually more than 1 µm. Emulsions have capacity to allow greater amount of hydrophobic moieties to be incorporated in dispersed phase, employing minimum concentration of surfactant (1%) [@bib0003]. However, these highly viscous dispersions pose stability problems due to aggregation of oil droplets, thereby reducing the shelf-life of the product. Contrary to these, microemulsions represent thermodynamically stable systems, produced with the addition of a co-surfactant to the system consisting of an aqueous phase, lipophillic phase and a surfactant [@bib0003]. The resulting dispersion is a homogenous system having the property to diffuse light [@bib0004]. The major disadvantages pertaining to this system include high surfactant concentration and their potential toxicity. The effect of environmental factors on drug solubility is also a point of concern [@bib0003].

Liposomes are the most extensively studied particulate carrier systems which revolutionized the dermatological drug delivery by virtue of their controlled release property and potential for site specific delivery. They are vesicular systems constituted by one or more phospholipid bilayers, separated by an aqueous compartment [@bib0005]. Besides drug molecules, this system is well established for its ability to encapsulate proteins and enzymes. This can be attained by varying their composition, dimensions, surface and structural characteristics. The chief advantage of liposomes is the low toxicity and biocompatibility of their ingredients. Ease of preparation and alteration in their composition to yield better formulations are further advantageous. Still the scale-up issues, high viscosity and propensity to disintegrate upon administration (leading to *in vivo* instability and uncontrolled drug release) are the main drawbacks and the probable reasons for fewer marketed liposomal formulations [@bib0006].

The emergence of microsponge colloidal carriers has presented an attractive alternative to the aforementioned delivery systems. This is apparently due to the fact that microsponges not only amalgamate the advantages of the former systems, but also circumvent their limitations and drawbacks. These colloidal carriers may be defined as tiny, highly cross-linked porous and spherical particles ([Fig. 1](#fig0001){ref-type="fig"}). These are generally prepared by solvent removal from microemulsion templates. These sponge-like carriers are chiefly composed of polymers, dispersed in an aqueous system, with the aid of a stabilizing agent. Removal of solvent from microemulsion droplets leads to porosity of resultant carriers. Their inherent features of enhanced drug payload and stability, alongwith potential for reduced irritation, mutagenicity and allergenicity, contribute to their superiority over the contemporary colloidal carriers [@bib0007]. Thus, understanding of the structural and physiological characteristics of the human skin assumes utmost importance.Fig. 1Microsponges under field emission scanning electron microscopyFig 1

Human skin is chiefly composed of epidermis resting upon dermis. Stratum corneum, as topmost layer of epidermis, has been thoroughly characterized by microscopic, bioengineering and biophysical techniques [@bib0008]. Briefly, it consists of keratinized, dead corneocytes which are embedded in an extracellular network of multilamellar lipid bilayers. The visualization studies in this regard have shown that barrier properties of SC are due to the presence of extracellular lipids, as percutaneous penetration is mainly attributed to intracellular pathway [@bib0009] and compromised SC barrier function brought about by lipid extraction or tape stripping of the skin [@bib0010], [@bib0011].

In view of the structure and physiology of human skin, microsponges offer enhanced efficacy of dermatological agents, as well as reduced local adverse effects. The characteristic size of microsponges (5--300 µm) [@bib0012], [@bib0013] is the most crucial feature for topical application, because it hinders their passage through stratum corneum [@bib0014]. Hence, these carriers are especially advantageous as delivery systems for dermal applications, as these allow the drug to be present on the skin surface/epidermis for a prolonged period. At the same time, the transdermal penetration of the active agent is minimized. This attribute is of paramount importance in the context of topical delivery of drugs [@bib0015]. Additionally, owing to their porous nature, microsponges permit controlled release of the entrapped drug, resulting in minimum deposition of the active moiety in the epidermis and dermis [@bib0016]. However, the particulate nature of microsponges makes them less appropriate for direct topical application. Therefore, they are incorporated in topical base, such as gel, emulgel, ointment, or cream for better efficacy. Literature reports suggest that gel base has been most commonly exploited for the loading of microsponges meant for dermatological use [@bib0007], [@bib0012], [@bib0017], [@bib0018], [@bib0019], [@bib0020]. Besides gel, creams have also found use in microsponge based drug delivery. Paenol and miconazole loaded microsponges have been incorporated into cream base [@bib0015], [@bib0021]. In addition to these, literature search revealed a paper for emulgel based delivery of mupirocin loaded microsponges [@bib0022] and another for benzoyl peroxide loaded microsponges incorporated in a lotion [@bib0023]. The selection of topical base is influenced by skin type and clinical symptoms associated with the disorder *e.g.* condition such as *acne vulgaris,* wherein the sebaceous secretions increase the oily character of the skin, a gel base or an o/w type cream base would be more appropriate [@bib0024]. Likewise, excessively dry nature of skin, such as in psoriatic patients, would be more benefited when the carrier is enthused in an oil-enriched cream, lotion or emulgel base. Further, a base with good occlusivity prevents the loss of moisture from the skin keeping it well hydrated [@bib0015], [@bib0021], [@bib0022], [@bib0023].

The nature of drug (hydrophilic or lipophilic) is also one of the deciding factors, when it comes to base selection. Upon application, the diffusion of the drug from the delivery system involves its passage through the base matrix [@bib0015]. The inherent nature of the latter, hydrophilic or lipophilic, and its interactions with the drug molecules, thereof, influences its release. This particularly concerns the o/w partition co-efficient of the drug. Another aspect of utmost importance is the excipients, composing the base. Especially, formulations intended for the treatment of allergic conditions, characterized by skin irritation, the ingredients of the base, *viz.* surfactants and cosolvents, should be chosen, as to avoid cutaneous irritation [@bib0025].

Foremost, the extent of drug release from microsponge as well as its pattern is affected by the surrounding base. In this regard, the rheological properties and the texture of the base are significant. The release of the drug from delivery system may be modified by altering the type and composition of the base. In view of this, gel-based formulations should be designed keeping in mind the fact that its microstructure undergoes a breakdown upon rubbing (due to increase in shear rate), thereby diminishing its apparent viscosity [@bib0017]. In the same breath, it may be said that the spreadability of the formulation also depends upon the viscosity and textural propreties of the base. Ideally, the base should permit the microsponge to be spread with the application of minimum shear [@bib0012]. From the viewpoint of stability of drug entrapped in the microsponges, the base is expected to impart protection from environmental factors. Hence, it would be noteworthy to mention here the relevance of stability studies of microsponge loaded in the base, in addition to microsponge alone. It is so because the ingredients present in the base are likely to interact with the drug and microsponge components. The selection of a topical base is influenced by various characteristics of skin. The development of a microsponge loaded delivery system for dermatological agents could further enhance drug efficacy and reduce the occurrence of local adverse effects.

To the best of our knowledge, there is no review till date, focusing on the role of microsponges in dermatological applications. In the present article, we have reviewed the use of microsponges in cosmetics and dermatological products, with the view to improve their characteristics and performance. Further, we have attempted to provide an update on the current status, trends of research in this area and the direction in which the field is progressing.

2. Merits of microsponges as carrier system for topically active agents {#sec0002}
=======================================================================

During the last decade, the interest in microsponges has increased profoundly, as is evident from the publications in this area. Advantages associated with microsponges compared with other microparticulate systems are: easy fabrication (in terms of composition), better drug loading and controlled release of drug. A number of articles suggest additional advantages of microsponge based delivery systems (MDS), enumerated in [Table 1](#tbl0001){ref-type="table"}.Table 1Advantages of microsponge based delivery systemsTable 1Sr. No.AdvantagesRef.1.Shelf-life and product stability can be prolonged without using preservatives, since bacteria are too large to enter into the microsponge[@bib0026]2.Highly compartmentalized nature of microsponges results in very high internal surface area hence, they exhibit high pay loading capacity[@bib0027]3.Undesirable properties like oiliness and tackiness, or undesirable feel or odor of ingredients can be considerably reduced which makes them suitable for topical delivery to skin[@bib0028]4.Liquids can be transformed into free flowing powder, providing material handling benefits[@bib0028]5.Microsponges help in improving elegance of the formulation[@bib0029]6.MDS augment the efficacy of topically active agents and enables their sustained release[@bib0030]7.Microsponges consist of interconnecting voids within a non-collapsible structure, with large porous surface[@bib0031]8.Stable over a wide pH range of 1--11 and up to a temperature of 130 °C[@bib0032]

3. Composition of microsponges {#sec0003}
==============================

Various polymers used in fabrication of microsponges for topical application result in formation of a microsponge 'cage'. As per published literature, polymers explored so far include polymethacrylates or Eudragit© polymers (Eudragit RS100, Eudragit RSPO, Eudragit S100), polylactide-co-glycolic acid, polylactic acid, polydivinyl benzene, polyhydroxy butyrate and ethyl cellulose. [Table 2](#tbl0002){ref-type="table"} gives an account of such polymers employed in fabrication of microsponge formulations. Among these, Eudragit RS100 is the most widely studied polymer, owing to its versatile nature [@bib0037]. The wide range of Eudragit polymers, differing in charge, solubility and water permeability, allows for custom-tailored release characteristics in this system, facilitating a wide range of alternatives to achieve the desired performance [@bib0038]. Polymers belonging to polymethacrylate category are Food and Drug Administration (FDA) approved, safe, non-toxic and economic excipients, widely used in the pharmaceutical industry. The flexibility to combine different polymethacrylate polymers offers a better control on drug release behavior, especially due to drug--methacrylate--polymer interaction [@bib0039]. Being a foundation material for microsponges, ethyl cellulose is also used for engineering of microsponges due to its nonirritating, nontoxic and nonallergenic nature [@bib0040]. Another polymer, polydivinyl benzene, has been reported for the crafting of porous microspheres by liquid--liquid suspension polymerization technique [@bib0041]. Although, several polymers have been explored of late, but only few studies have been reported with biodegradable polymers. They can be potential excipients for the development of microsponge carriers for drug targeting. Hence, there is a strong need to explore biodegradable polymers for this delivery system. Beside this, the choice of polymer should take into the account skin irritant and dermal toxicity potential. This being a major concern in dermatological formulations, has been studied by some group of researchers working in the domain of microsponge based delivery systems. Recently, Kumar and Ghosh have addressed this aspect by conducting cell line toxicity studies and *in vivo* skin irritation study for silver sulfadiazine loaded microsponge gel [@bib0020].Table 2Active moieties and polymers employed in microsponges formulationsTable 2Active moietiesPolymerDrug-polymer ratioRef.Benzoyl peroxideEthyl cellulose1:1, 1:3,1:5, 1:7, 1:9, 1:11, 1:13[@bib0033]DicyclomineEudragit S1001:3, 1:6, 1:9, 1:12[@bib0034]Hydroxyzine HClEudragit RS1001:1, 1:2, 1:3, 1:4[@bib0001]Mometasone furoateEudragit RS1001:3, 1:5, 1:7, 1:9, 1:11, 1:13[@bib0035]Acyclovir sodiumEthyl cellulose1:2, 1:3[@bib0036]Diclofenac diethylamineEudragit RS1001:1, 1:2, 1:3, 1:4, 1:5, 1:6[@bib0012]TerbinafineEudragit RSPO1:1.8, 1:4, 1:1[@bib0006]

In addition to the polymers and active ingredients, some other excipients are needed for preparation of stable and effective microsponge formulations. For instance, triethyl citrate is used as a plasticizer to stabilize the buoyant microsponges, and addition of a porogen like hydrogen peroxide or sodium bicarbonate, results in the formation of evenly distributed and interconnected pores, which provide larger surface area for drug loading in these systems. The pores also increase the entrapment efficiency of this micro-colloidal drug delivery system [@bib0042]. In some reports, sucrose and pre-gelatinized starch have also been used as pore inducers to improve drug release rate [@bib0001]. Polyvinyl alcohol (PVA) and cellulose ethers have been reported as emulsifiers to maintain the viscosity of aqueous phase in quasi-emulsion solvent diffusion method [@bib0023], [@bib0043].

4. Engineering of microsponges {#sec0004}
==============================

Apart from microsponge composition, preparation techniques play an important role in regulating the performance of this delivery system. However, the methods of microsponge preparation are limited due to their complexity and cost. Microsponge production can be achieved by techniques such as liquid-liquid suspension and quasi-emulsion solvent diffusion method, with or without modification. Grochowicz et al. reported a method for microsponges preparation based on free radical suspension polymerization technique. It is a one-step process in which monomers are dissolved with non-polar drug in a suitable solvent and the resulting solution is dispersed in aqueous phase containing suitable surfactant and suspending agent. Polymerization is initiated either by irradiation, addition of catalyst or by increasing the temperature. Although, it is a convenient method, it results in non-uniform structures with poor reproducibility. Further, it requires a long time for reaction of the monomers. Another limitation is the entrapment of unreacted monomer residues. This limitation can be overcome by using quasi-emulsion solvent diffusion method [@bib0041] .

Quasi-emulsion solvent diffusion method represents the most commonly used technique to design microsponges ([Fig. 2](#fig0002){ref-type="fig"}). It is a two-step process, in which internal phase consisting of a suitable polymer is dissolved in solvents such as dichloromethane (DCM), acetone or ethanol, in the presence of a plasticizer and a diffusible substance (porogen). This internal phase is, then, dispersed into an external aqueous phase, comprising of polyvinyl alcohol, which acts as a stabilizer. After emulsification, the system is continuously stirred for a suitable time interval and maintained at a high temperature, if needed. Porogen diffuses into the external medium, resulting in a highly porous scaffold structure called 'microsponge'. The final product is subsequently washed and dried in vacuum oven at 60 °C for 24 h. This process might prove a better option when the active molecule is sensitive to polymerization conditions. Further, the process has the advantage of avoiding solvent toxicity. Importantly, some factors such as drug solubility, nature of solvent, temperature and speed of emulsification, nature of polymer cross-linking, diffusibility of porogen, type and concentration of plasticizer also affect the formation of microsponges. This process, besides being rapid, is simple and reproducible. Furthermore, this technique yields uniform microsponges with narrow size distribution [@bib0041].Fig. 2Fabrication of microsponges through Quasi-emulsion solvent diffusion methodFig 2

5. Characterization of microsponges {#sec0005}
===================================

Physicochemical characterization of microsponges is a vital step in the successful design and fabrication of these versatile microcarriers. In addition to UV--visible spectroscopy and high pressure liquid chromatography (HPLC), this delivery system requires various complementary techniques like Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), powder X-ray diffraction (PXRD), scanning electron microscopy (SEM) and porosity studies for investigating their structural and morphological characteristics. The functional properties of microsponges are investigated based on these characteristics. Various methods widely used by scientists for the purpose of characterization of microsponges for the relevant functional parameters are discussed in the following sections:

5.1. Fourier transform infrared (FTIR) spectroscopy {#sec0006}
---------------------------------------------------

Fourier transform infrared spectroscopy is a primary tool to check the purity and chemical interaction of drug and excipients. To check the stability of the drug in microsponges, FTIR of blank and drug loaded microsystems can be performed. On encapsulation of drugs into microsponges, the FTIR spectra shows shifting or broadening of drug peak, on account of molecular interactions between the active moiety and the microsponge. In this context, FTIR study concerning purity and drug-excipient interaction of diclofenac diethylamine in microsponges was performed by Osmani et al. FTIR spectroscopy results revealed no new peak appearance or disappearance of existing peaks upon encapsulation, confirming compatibility of drug with the selected polymer and excipients. The study also confirmed good stability of diclofenac diethylamine in all microsponge formulations [@bib0012]. FTIR yields more information when coupled with DSC technique [@bib0044].

5.2. Differential scanning calorimetry {#sec0007}
--------------------------------------

DSC is a relatively cheaper and easier technique of analysis in comparison to X-ray diffraction and solid state NMR [@bib0045], [@bib0046]. It provides information regarding purity of drug, interaction between drug and polymer, and confirmation of drug loading in microsponges.

The thermograms of drug, polymer, physical mixture of drug and excipients used, and drug loaded microsponges can be obtained using DSC. Exothermic and endothermic peaks are obtained due to melting, decomposition or moisture loss of samples. Broadening of peaks implies loss of crystallinity of drug during microsponge formation. Such results have been reported by Amrutiya et al., for mupirocin microsponges [@bib0022]. Arya and Pathak used DSC to ascertain the physical nature of curcumin loaded in microsponges and to check its compatibility with the excipients used (ethyl cellulose and Eudragit S100). This group reported that DSC of physical mixture represented additive spectra of the peaks of ethyl cellulose, Eudragit S100 and curcumin, advocating no interaction between the polymers and the drug. The thermogram of curcumin loaded microsponge was found similar to blank microsponge formulation, showing detectable loss of prominent peak for pure drug moiety, signifying its uniform molecular dispersion in microsponges [@bib0047].

5.3. Powder X-ray diffraction {#sec0008}
-----------------------------

Powder X-ray diffraction is a valuable analysis method to study physicochemical features of crafted microsponges. XRD pattern of the microsponge can be determined as a function of scattered angles due to dispersion of atoms in their lattice planes [@bib0048]. Powder X-ray diffraction has been used for assessing the changes in crystallinity of drug and chemical interaction between the ingredients in microsponges. The diffraction peaks of physical mixture of meloxicam and Eudragit L100 (1:1) showed distinctive crystalline diffraction peaks of drug, indicating the absence of interaction. A reduction in the intensity of peak indicated decrease in crystallinity of meloxicam in microsponges [@bib0049]. PXRD analysis also gives information about thermal stability of drug in microsponge formulation [@bib0012].

5.4. Scanning electron microscopy {#sec0009}
---------------------------------

Scanning electron microscopy is employed to study the particle size and morphology. Orlu et al. carried out SEM for microsponge formulations which revealed the fine, spherical and uniform nature of microsponges. The cross-sectional view was also taken, which showed the rigid shell of microsponge along with internal cavity enclosed. SEM photographs also showed the absence of entire drug crystals in microsponges [@bib0027]. In order to study the topographical features of the prepared microsponges, SEM technique has been invariably employed by all the researchers. Therefore, characterisation of microsponges without SEM could be considered to be incomplete.

5.5. Porosity studies {#sec0010}
---------------------

Porosity study can be performed to check the size of nanocavities formed in microsponges. Pore structure, diameter and pore volume can be determined in these studies. Porosity can be measured using mercury intrusion porosimetry [@bib0001]. In this test, a sample of microsponges is placed in a vacuum chamber and submerged under a mercury pool, in a volume-calibrated cell. When the pressure is gradually increased in the cell, mercury is forced into pores of microsponges. This leads to reduction in the apparent volume of mercury within the calibrated cell [@bib0001]. The formula for computing percent porosity is given below:$$\text{Porosity}\% = \frac{\left( {{\text{Bulk}\;\text{volume}} - {\text{True}\;\text{volume}}} \right)}{\text{Bulk}\;\text{volume}} \times \; 100$$

Rizkalla et al. investigated pore volume and pore size of microsponges using mercury intrusion porosimetry. High percentage porosity (60.9%--71.8%) in prepared microsponges was observed [@bib0001]. Pore size and volume directly affect drug encapsulation and release, which are important parameters for any delivery system. However, review of literature suggests that porosity studies, although vital for microsponges, have received meagre attention from the researchers.

6. Characterization of microsponges loaded in topical delivery systems {#sec0011}
======================================================================

Besides regular physicochemical characterization of microsponges, more specific evaluation related to topical treatment has to be adopted for microsponges incorporated in topical base. This includes conducting *in vitro* permeation experiments using dialysis membrane or animal skin, transepidermal water loss measurements, assessment of rheology, spreadability, texture analysis, occlusive behavior and tube extrudability.

7. Effects of formulation parameters and process variables on microsponge characteristics {#sec0012}
=========================================================================================

Microsponges are characterized for particle size, shape, encapsulation efficiency, production yield, drug loading, porosity, surface morphology and drug release [@bib0001]. The following sections provide an insight into **s**ome of the key parameters which have profound impact upon the efficacy of microsponges.

7.1. Size {#sec0013}
---------

The most important variable which needs to be monitored during preparation of microsponges for their satisfactory performance is their size. For effective topical application, the selected preparation method should result in optimum size range, with uniform distribution of microsponges [@bib0007]. Various parameters that affect the size of these porous microstructures include, drug: polymer ratio, volume of internal phase, amount of emulsifying agent and stirring speed. Among these, drug: polymer ratio has more pronounced effect on the size of prepared microsponges. It can be varied in two ways. Firstly, the effect of increase in polymer amount on size of microsponges can be investigated. With increase in drug-polymer ratio, increase in particle size of microporous structures has been reported by scientists. This might be due to the fact that the polymer available at high drug-polymer ratio is in considerable amount per microsponge, thereby increasing the polymer surrounding the drug. This, consequently, results in production of larger microsponges [@bib0025]. Secondly, drug-polymer ratio can also be varied by varying the amount of drug. When drug concentration is high, ethanol bound with the drug might be separated from the aqueous phase, resulting in viscous coacervate emulsion droplet, in which slow co-crystallization of the drug and polymer takes place, forming a spherical microsponge. At lower concentration of the drug, quick intermixing of free ethanol with the aqueous phase occurs, inducing a large reduction in the size of ethanol droplets and a rapid crystallization of drug. This leads to production of very small range of spongy micro structures. It has been observed that particle size of microsponges is directly proportional to apparent viscosity of the internal phase [@bib0022]. The larger the difference in viscosities between the dispersed phase and the dispersion medium, lower the resultant particle size and vice-versa. This might be credited to the fact that on mixing the dispersed phase with higher viscosity dispersion medium, the emulsion formed is hardly broken into small globules, and results in bigger droplets. In addition, with increase in the amount of emulsifying agent, particle size has been found to increase. It is probably due to the rise in apparent viscosity at augmented stabilizer concentration [@bib0025]. The volume of internal phase is another significant factor which has important role in microsponge preparation. On increasing the volume of internal phase, viscosity is found to decrease, resulting in finely dispersed emulsion droplets, which adhere together and coalesce. As a result, no microsponge is obtained. Hence, it is suggested that volume of the internal phase should be controlled carefully for successful microsponge formation [@bib0034].

According to Zaki Rizkalla et al. during preparation of hydroxyzine hydrochloride microsponges, addition of Span 80 to liquid paraffin causes a drastic decrease in microparticle size to nano range. Such nano size particles obtained after the addition of Span 80 may be due to the higher stabilizing effect imparted to the small emulsion droplets, which prevents them from collision with the larger ones. In this formulation, the addition of magnesium stearate in a specified concentration resulted in successful microencapsulation of hydroxyzine hydrochloride. Such concentration of magnesium stearate depends on the solvent volume and the amount of polymer. As reported, 3% (w/v) magnesium stearate with 1:5 polymer/solvent ratios yielded free flowing microsponges [@bib0001]. According to Jelvehgari et al. the dispersion of the drug and polymer into the aqueous phase has been found to be dependent on the stirring speed of agitator. As the agitation speed is increased, the size of microsponges is reduced [@bib0023]. Hence, optimum drug-polymer ratio, amount of emulsifying agent, volume of internal phase and stirring speed have been found to play crucial role in obtaining customize size of microsponges.

7.2. Production yield {#sec0014}
---------------------

Production yield has been found to be affected by drug-polymer ratio, amount and nature of emulsifying agent used, and stirring speed. Increase in the drug-polymer ratio may result in higher production yield. In dicyclomine microsponges reported by Jain and Singh, when drug-polymer ratio is 1:1, the production yield is very low, while with drug-polymer ratio 1:5, it is observed to be remarkably high. The abridged dichloromethane diffusion rate from concentrated solutions to aqueous phase at increased drug: polymer concentration provides more time for droplet formation, leading to an improvement in yield. However, an increase in emulsifying agent leads to reduction in production yield. Due to nonionic nature of the emulsifier (PVA), it forms some hydrophobic region and some of the drug and polymer gets dissolved. Stirring speed is also known to influence production yield. When the speed of stirrer is increased, a decrease in production yield is observed, possibly due to the reason that at higher stirring rates, the polymer adheres to the paddle because of creation of turbulence within the external phase [@bib0034].

7.3. Entrapment efficiency {#sec0015}
--------------------------

Entrapment efficiency is the content of core material effectively entrapped in a formulation. It can be measured by an indirect method in which microsponge suspension can be centrifuged at 2000 rpm for 10 min. The supernatant obtained can be suitably diluted with suitable solvent and the amount of free drug present in supernatant can be quantified using UV--Visible spectroscopy or HPLC. The drug entrapment efficiency (EE) can be calculated using the following formula:$$EE\% = \frac{Actual\; drug\; content\; in\; microsponges}{Theoretical\; drug\; content\;} \times \; 100$$

Entrapment efficiency depends on several parameters discussed here. As per literature reports, drug polymer ratio and amount of pore inducers affect. Increase in the drug-polymer ratio may lead to increase in the EE. The reason for increase in EE is the reduced diffusion rate of drug solution from concentrated polymeric solutions into the external phase. This allows more time for droplet formation, resulting in improvement of microsponge yield and entrapment efficiency. This may be attributed to the fact that the amount of drug per unit of polymer is more. The reduced diffusion rate of DCM from the concentrated solution takes more time for droplet formation, with higher precipitation of the drug molecules in the microsponge. This is responsible for improved EE [@bib0007]. In contrast to this, Osmani et al. reported that superior drug loading efficiencies were obtained at lower drug: polymer ratios. The reason ascribed to this observation is the availability of considerable polymer amount to each drug unit as opposed to the rest of the microsponges. Further, it has been reported that with increase in the amount of PVA, production yield and encapsulation efficiency are increased [@bib0021]. Pore inducers have also been reported to affect entrapment efficiency of microsponges. They increase surface area for absorption of drug onto their porous particles. In the given context, an increase in the entrapment efficiency with increase in pore inducer concentration has been reported by some researchers [@bib0001].

7.4. Drug release {#sec0016}
-----------------

Drug release is another important variable which needs to be monitored during microsponge fabrication for its best performance. Literature suggests that variables like drug: polymer ratio, DCM concentration, amount of PVA and pore inducers affect drug release from microporous structures. Increase in drug: polymer ratio has been found to result in decreased percent drug release. This could be explained as follows: with increase in drug: polymer ratio, the polymer amount available for each microsponge for drug encapsulation is higher, thus, leading to more pronounced polymer matrix wall thickness. It results in extended diffusion path, and ultimately, to lesser drug release. Consequently, the drug diffused and flux also decrease at higher drug: polymer ratio [@bib0021]. Similar results were reported by Osmani and his research group. This group of researchers also reported that the drug release went on decreasing with increasing polymer amount. It might be attributed to the fact that the polymer matrix releases drug after complete swelling and the time required for swelling is directly proportional to the concentration of stabilizer [@bib0013]. DCM concentration was also found to have a positive impact on the drug release. This is attributed to the fact that with increase in DCM concentration, more porous and spongy microstructures are obtained. Higher amount of DCM also results in the precipitation of the drug at the periphery of the microsponge, leading to extended drug release. With increase in amount of PVA, slight decrease in drug release has been noticed [@bib0013]. Pore inducers, hydrophilic powders that are generally added during the microsponge formulation with the view to obtain an optimum release of active ingredients, are reported to drain water from the dissolution medium, either by osmotic effect (like sucrose) or by adsorption and disintegrant effect (like pregelatinized starch (PGS)) [@bib0050]. According to Zaki Rizkalla et al.*,* the rate of drug released from PGS containing hydroxyzine microsponges was found to be better than those containing sucrose. Better disintegrant effect of PGS in the microsponge matrix might be responsible for such results [@bib0001].

8. Mechanism of drug release from topical microsponges {#sec0017}
======================================================

For controlling the release of a drug from microsponges, a number of variables can be altered, taking into consideration the physicochemical features of the active agent and the cutaneous environment. As discussed above, the vehicle used for dissolving the polymer plays an important role in the release of the active agent from the system. Initially, an equilibrium exists between the concentration of active agent in the polymer and the vehicle. As the concentration of the active agent from the vehicle depletes in the skin, the MDS releases more active agent as per the demand created by the equilibrium shift. Such a system results in a continuous and steady release of the active agent onto the skin. In addition, the MDS can act as a depot, which continuously releases the active agent to the skin, even after the absorption or drying of vehicle by the skin ([Fig. 3](#fig0003){ref-type="fig"}).Fig. 3Mechanism of drug release from topical microspongesFig 3

In the reported microsponge based intra-dermal drug-delivery systems, researchers have used mupirocin, paenol, hydroxyzine hydrochloride, glabridin and benzoyl peroxide as the model drugs to evaluate the characteristics of this system, and revealed that the major drug release mechanism was diffusion and that the microsponge preparation could enhance the rate of drug release [@bib0015]. Drug release was expected to be based on interaction between microsponges and dermal secretions. Further, it may also be associated with its porous nature, as this enables penetration of the release media and accessibility to the encapsulated drug moiety [@bib0037]. According to Jelvehgari et al. upon penetration of release media into the porous microsponges, the drug gets dissolved into it gets released. As the release media first comes in contact with the surface of the microsponge, and then gradually into the internal region, the drug release measured over the initial few hours may be due to non-encapsulated drug on the surface of the micro carriers, followed by release of the drug entrapped in the pores, giving rise to sustained drug release [@bib0015], [@bib0023]. Hence, size of pores also plays significant role in drug release. Porosity of microsponges can be controlled by altering the drug and polymer concentration in the preparation, while keeping their content ratio constant [@bib0051].

For treating skin disorders, it is imperative that the drug stays in the treated areas and there is no absorption to other areas. Li et al., suggested that preparing a microsponge based formulation for paeonol may be a promising approach for skin targeting in the treatment of dermatological disorders. The greater amount of drug deposition in the skin from paeonol microsponge cream indicated better drug bioavailability topically [@bib0015]. Due to occlusive effect, higher drug retention by the microsponges produced a film on the skin surface, reducing transepidermal water loss. This increased the hydration of the stratum corneum, thereby, causing an increased drug penetration into the skin [@bib0052], [@bib0053]. Moreover, the high lipophilicity of the microsponge formulation prevented drug diffusion from the skin into the receiver fluid, maintaining effective local drug concentration for a long period of time [@bib0054].

In this study, microdialysis results represented the total amount of drug that penetrated through the stratum corneum, into the epidermis and finally, into the dermis. It was reported that microsponge formulations could deliver significant amounts of paeonol to the dermis, thus, leading to higher drug bioavailability, but with high inter-individual variability. Further, it has been confirmed that the insignificant amount of drug absorbed into the plasma, results in decline of side-effects [@bib0054].

In order to comprehend the drug permeation kinetics from microsponge-loaded formulations, the *in vitro* release data can be fitted to various drug release kinetic models, namely, zero order (cumulative percentage drug permeated *vs* time), first order (log cumulative percentage drug remaining to be permeated *vs* time), Higuchi (cumulative percentage drug permeated *vs* square root of time), Peppas and Korsmeyer-Peppas, and by assessing the highest *r^2^* value, the best fit model may be decided. An empirical parameter, *n* value is used to characterize the release mechanism [@bib0022]. Based on the diffusion exponent, '*n*' equal to 0.5 indicates that the drug release mechanism approaches to a Fickian diffusion controlled release, whereas *n* equal to 1.0 indicates zero-order release. The *n* value from 0.5 to 1 represents a drug release mechanism for non-Fickian diffusion. The *in vitro* drug release from diclofenac diethylamine microsponge formulation showed highest regression value for the Peppas model (0.998 for optimized batch). The *n* value for Korsmeyer-Peppas model was found to be in the range 0.5--1, which represented non-Fickian diffusion [@bib0012]. The data from *in vitro* release profile of hydroxyzine hydrochloride microsponges (in phosphate buffer at pH 5.5) were analyzed, and a diffusion controlled mechanism, according to simplified Higuchi model, was revealed [@bib0001]. *In vitro* drug permeation from diclofenac sodium microsponge-loaded gel formulations was best described by Higuchi\'s diffusion kinetics, as the plot was linear, with *r^2^* values ranging from 0.9797 to 0.9889. Similar release kinetics was observed for mupirocin from the microsponge-based emulgel system [@bib0022]. Different kinetic models were employed to fit the data relating to the release of glabridin from microsponges incorporated in the gel. The highest value of *r^2^* for Higuchi model indicated that drug release from glabridin microsponges followed diffusion kinetics. To investigate the release mechanism, further, the data was fitted in Korsmeyer-Peppas model. It was concluded that drug release from the glabridin microsponge-loaded gel followed non-fickian diffusion [@bib0055]. On application to skin, drying of aqueous gel was observed which left behind a layer of microsponges, adhering to the hydrophilic dermal layer, with the help of thin films of Carbopol. The drug was believed to get squeezed out of microsponges during application, thus, some amount of glabridin remained in the microsponge matrix and some in the gel base [@bib0017]. The benzoyl peroxide (BPO) release mechanism from conventional lotion was reported as non-Fickian diffusion, whereas from lotions containing microsponges, Fickian diffusion was observed, which was controlled by the porosity of the microsponges [@bib0056]. For benzoyl peroxide, the main site of pharmacological action is the pilosebaceous canal [@bib0024]. It exerts its antimicrobial activity by penetrating through the follicular opening, probably by dissolving into sebaceous lipids [@bib0057]. Skin irritation is the most common side effect of this drug and, a correlation exists between its efficacy and irritation [@bib0058]. This correlation could be altered by controlling release of BPO from delivery system to the skin, by maintaining intrafollicular penetration while reducing percutaneous absorption. Because of larger size, the microsponges are unable to pass through the stratum corneum, and hence, they remain on the skin surface forming a depot, gradually releasing their contents over time. This release pattern enhances the safety of locally applied drugs through prevention of excessive accumulation of active moiety in the skin. Microsponge entrapped BPO enabled reduction in skin irritation when compared to the formulations containing unencapsulated BPO powders [@bib0005]. It was ascertained that a controlled-release topical delivery system might reduce the percutaneous absorption of BPO without affecting its intrafollicular penetration, leading to alleviation of drug irritancy, without affecting efficacy.

When studying drug release mechanism of topically applied microsponge formulation, confocal laser scanning microscopy could prove a valuable tool. With aid of this technique, the extent of drug release, its penetration and targeting to the desired cutaneous tissue /site can be featured out, although, this technique has not been so utilised for studying the release behaviour of MDS.

9. Applications of microsponges in cosmetics and dermatology {#sec0018}
============================================================

The original patents for microsponge technology developed by Won in 1987 were assigned to Advanced Polymer Systems, Inc. This company applied the microsponge technology for cosmetic, over-the-counter (OTC) and prescription pharmaceutical products [@bib0059]. MDS gives assurance regarding drug localization on skin surface and within the epidermis, abridging systemic and local cutaneous side effects. Microsponges for the dermatological and cosmetic products differ only in the technological aspects. Due to minor regulatory conditions, production, marketing and introduction time of cosmetic products is much shorter as compared to dermatological products [@bib0060]. Some examples of the microsponge based cosmetic products currently available in the market are enlisted in [Table 3](#tbl0003){ref-type="table"} [@bib0061], [@bib0062].Table 3Some examples of MDS currently marketed as cosmetic productsTable 3Name of productActive moietyIndicationsManufacturesRetin-A-MicroTretinoinAcne vulgarisOrtho-MCNeil Pharmaceutical, Inc. USA.Carac CreamFluorouracilActinic keratosesDermik Laboratories, Inc. USALine Eliminator Dual Retinol Facial TreatmentRetinolAntiwrinkleAvon Products, Inc. UKRetinol Night CreamRetinolAntiwrinkleBiomedical IMPORIUM, South AfricaLactrex™ 12% Moisturizing CreamLactic acidMoisturizerSDR Pharmaceuticals Pvt. Ltd, IndiaEpiQuin MicroHydroquinone and retinolHyperpigmentationSkinMedica, Inc. USAOil free Matte Block SPF20Zinc GluconateSunscreenDermalogica, LLC, USAUltra GuardDimethiconeProtective for babiesScott Paper Company, USAAramis FragrancesAntiperspirantAramis, Inc. USAMicro Peel Plus/Acne PeelSalicylic acidAcne vulgarisBiomedical IMPORIUM, South AfricaRetinol CreamRetinolSkin supplementBiomedical IMPORIUM, South AfricaGlycolic Acid Moisturizer w/SPF 15Glycolic acidAntiwrinkle and soothing agentAMCOL Health and Beauty Solutions, Inc. USASalicylic Peel 20 and 30Salicylic acidExcellent exfoliationBiophora Medical Skin Care, Ontario, Canada

One of the most important features of microsponge is their ability to absorb skin secretions, *i.e.,* oil and sweat [@bib0006]. Due to their highly absorbent nature, many microsponge loaded deodorants, antiperspirants and sunscreens are commercially available. Further, microsponge drug delivery systems can be used for skin targeting, avoiding excessive absorption of drug into the percutaneous blood circulation. This feature may prove a boon in skin disorders, like skin cancer, wounds, acne, alopecia, sunburn, hyperhidrosis and wrinkles. [Table 4](#tbl0004){ref-type="table"} summarizes microsponge based formulations developed with various drugs for dermatological applications. The use of active compounds with microsponges provides an overview of the breadth of MDS platform, which serve as carrier for the cosmetic and dermatological products.Table 4Drug candidates explored using microsponge delivery systems for dermatological and cosmetic applicationsTable 4Sr. NoDrug CandidatesFormulation TypeCosmetic and Dermatological ApplicationsReferences1Benzoyl peroxideCream, gel, lotionAntiacne Treatment (Keratolytic agent)[@bib0023]2Hydroquinone and retinol--Depigmentation[@bib0063]3Flucinolone acetonideGelSkin inflammation[@bib0064]4MupirocinEmulgelPrimary and secondary skin infections[@bib0022]5Mometasone furoate--Skin inflammatory diseases[@bib0035]6Hydroxyzine HCl--Atopic dermatitis[@bib0001]7FluconazoleGelAntifungal[@bib0018]8VoriconazoleGelAntifungal[@bib0065]9KetoconazoleGelAntifungal[@bib0066]10Eberconazole nitrateGelAntifungal[@bib0019]11Acyclovir sodiumGelHerpes simplex virus infections[@bib0036]12Glabridin--Depigmenting agent[@bib0017]13PaeonolCreamAntiinflammatory and antimelanin activity[@bib0015]14Erythromycin--Antibacterial[@bib0067]15MiconazoleGelAntifungal[@bib0021]16ItraconazoleGelAntifungal[@bib0068]17TerbinafineGelAntifungal (hair and skin infection)[@bib0006]18OxybenzoneGelSun screen agent[@bib0007]19Sertaconazole nitrateGelAntifungal[@bib0069]20FluconazoleGelAntifungal[@bib0070]21Silver sulfadiazineGelFor partial thickness burn wounds[@bib0020]22Babchi oilGelAntibacterial[@bib0071]23MiconazoleGelAntifungal[@bib0072]24Tea tree oilGelAntibacterial[@bib0073]

9.1. Microsponges for anti-acne drugs {#sec0019}
-------------------------------------

Acne is a common skin disorder in young adults [@bib0074]. Although, topical therapy is the main strategy for its treatment, associated side effects with various topical antiacne bioactive molecules affect their utility and patient compliance. Some potential novel carriers and delivery systems like liposomes, microemulsions, solid lipid nanoparticles, and nanolipid carriers have been explored to enhance topical anti acne therapy. Recently, microsponges have been proposed as an advanced drug delivery system, able to optimize drug activity profile for anti acne agents. Benzoyl peroxide (BPO) is first line topical agent employed for management of acne, due to its bactericidal activity against *Propionibacterium acnes* [@bib0075]. It is superior to other antibiotics, as the bacteria do not develop resistance to it. However, a drawback of the treatment of BPO containing products is that they generally cause skin irritation to the individuals [@bib0076]. Degree of skin irritation depends on the concentration of BPO present in the skin [@bib0058]. Irritation is generally influenced by the delivery system, formulation and nature of skin. Encapsulation of BPO reduces skin irritation, due to reduction in the release rate of the drug from the formulation [@bib0005].

Jelvehgari et al. selected microsponge delivery system to facilitate topical delivery of BPO. In order to optimize the microporous formulation, parameters affecting the physical properties of the system were also investigated. Emulsion-solvent diffusion method was used for preparation of ethyl cellulose based microsponges. BPO was added to the organic internal phase. Drug content, particle size and loading capacity were determined in the prepared formulation. BPO microsponges were, then, incorporated into creams and evaluated for drug release. Scanning electron microscopy was used to study the morphology of the microsponges. The micrograph of microsponges showed that they were spherical in shape, with porous structure. It was observed that the drug-polymer ratio, stirring rate and volume of dispersed phase, influenced the particle size and drug release behavior, and that the presence of emulsifier was an essential requirement for microsponge formation. The results showed that, generally, an increase in drug: polymer ratio results in reduction in the release rate of BPO from the microsponges, which may be attributed to their decreased internal porosity [@bib0023].

Wester et al., explored factors affecting the morphology of BPO microsponges. Absorption of this anti acne agent from a topical lotion containing freely dispersed drug was compared with the same lotion in which the drug was entrapped in a controlled release styrene-divinylbenzene microsponge. In an *in vitro* diffusion system, statistically significant differences were obtained for BPO in excised human skin and in percutaneous absorption. Significantly less drug was absorbed through Rhesus monkey skin from the prepared polymeric system, as reported from *in vivo* research investigation. This controlled release of BPO to skin can modify the dose relation between efficacy and skin irritation. Corresponding studies showed reduced irritation in rabbits and human beings, whereas *in vivo* human antimicrobial efficacy studies depicted that application of the formulations loaded with BPO significantly reduced counts of *Propionibacterium acnes* (*P* \< 0.001) and aerobic bacteria (*P* \< 0.001) and the free fatty acid/triglyceride ratio in skin lipids. These findings supported the hypothesis that, at least for this drug, controlled topical delivery can enhance safety without sacrificing its efficacy [@bib0005]. In another study of BPO, microporous particles were prepared using a quasi-emulsion solvent diffusion method. Various concentrations of BPO microsponges were then incorporated into various formulations (creams, gels and lotions) for release studies. It was shown that the drug-polymer ratio, stirring rate and volume of the dispersed phase have considerable impact on the particle size and drug release. Various ratios of formulation were prepared with Eudragit RS100 and evaluated for loading efficiency, drug entrapment and surface morphology. Further, topography and *in vivo* release kinetics of particles were studied. The reports of this research work showed that by careful control of the process variables, desirable features in this system can be obtained. Drug release mechanism of microsponge loaded lotion is Fickain diffusion and is controlled by the porosity of the microsponges [@bib0033].

Erythromycin is another drug of choice used to treat acne by reducing the amount of *Propionebacterium acnes* on the skin. However, the drug causes gastric irritation, nausea, vomiting, abdominal pain and is easily inactivated in the gastric environment. Ravi and Senthil prepared erythromycin loaded microsponge based gel, which exhibited lesser skin irritation, greater skin tolerance and slow release of drug [@bib0067]. Osmani et al. formulated microsponge loaded miconazole nitrate cream as a promising delivery system for acne and skin infection. Besides characterization of drug entrapped microsponges and microsponge loaded cream, *in vitro* release was also carried out. Results of *in vitro* release have shown that microsponge loaded cream with 1:2 drug-polymer ratio were found to be more efficient. The system provided controlled release for about 8 h as compared to conventional gel, which lasted nearly for 4 h [@bib0021].

9.2. Microsponges for anti-fungal drugs {#sec0020}
---------------------------------------

Fungal infection of the skin is one of the most widely experienced dermatological diseases worldwide [@bib0077]. According to recent reports, more than 25% of world\'s population is affected by this disorder [@bib0078]. The progression of fungal infection can be rapid and serious due to compromising immune function [@bib0079]. Oral administration of an antifungal drug increases the chances of gastric irritation and systemic side effects. Therefore, topical therapy is an attractive choice for the treatment of cutaneous infections. This therapy also provides advantages like drug targeting at the site of infection and reduction in systemic side effects [@bib0080]. The most common and effective topical antifungals are polyenes, azoles, allylamines, and their derivatives.

Bhimavarapu et al. investigated the topical delivery of itraconazole loaded microsponges which were developed with the objective of enhancement of bioavailability of drug. The porous microsponges were prepared using quasi-emulsion solvent diffusion technique. Microsponges with 1:6 ratios were found to possess better controlled release characteristics and followed Higuchi model of release [@bib0068].

Terbinafine is a BCS (Biological Classification System) class-II drug, used for treating various skin and hair infections. It possesses low bioavailability, as it can be easily inactivated by acidic medium in gastrointestinal tract. Gastric irritation, abdominal pain, nausea, vomiting are the common side effects of this drug, when administered orally [@bib0066]. Recently, Barde and Basarkar developed microsponges loaded with terbinafine, as an alternative to conventional topical and oral formulations. Microsponges loaded with terbinafine were prepared, optimized and incorporated in a Carbopol gel. Microsponges were prepared using Eudragit RSPO polymer, by quasi-emulsion solvent diffusion method. In order to optimize the formula for microsponges, factors affecting the physical properties of this system were evaluated. It was observed that the polymer and PVA concentration influenced the particle size and drug content of microsponges. Parameters namely production yield, loading efficiency, surface morphology and particle size were checked. *In vitro* permeation studies of microsponge loaded gel formulations were performed using Franz diffusion cell. Also, drug release was compared with that of the marketed formulation [@bib0006].

In some studies, attention has been paid to the triazole derivatives, having broad-spectrum antifungal activity and low toxicity [@bib0081]. Fluconazole, a triazole derivative widely used for mycoses (especially superficial fungal infection) acts by inhibition of cytochrome P450 system and prevents the ergosterol synthesis, a main component of fungal membrane [@bib0082]. It is used orally in the treatment of dermatophytosis and topically for cutaneous leishmaniasis [@bib0083], [@bib0084]. Oral administration of fluconazole (FLZ) results in gastric irritation, heart burn, vomiting and even ulceration. Microsponge-loaded hydrogel containing FLZ was prepared using ethyl cellulose (EC) and Eudragit RS100 based microsponges by quasi-emulsion solvent diffusion method. The effect of process variables such as drug: polymer ratio, polymer type, PVA concentration and type of internal phase on the physical properties of the microsponges were investigated using 2^4^ factorial design. Results demonstrated that FLZ loading and particle size of microsponges were increased with increase in the polymer amount. Moreover, EC significantly improved the drug EE and the mean particle size. There was a reverse proportionality observed between the PVA concentration and, both, the EE and the mean particle size. In comparison to methylene chloride, ethanol significantly increased the EE and the particle size. Optimized formulation of FLZ was selected, as the FLZ microsponge (consisting of FLZ and EC in 1:1 ratio and prepared using 0.75% PVA and methylene chloride) was loaded in Carbopol gel and explored for its *in vitro* release characteristics. The developed microsponges were found to be spherical and porous. The drug release using cellulose dialysis membrane exhibited Fickian release pattern. The research group further recommended antifungal activity and *in vivo* animal activity for future studies [@bib0018]. Recently, Moin et al. fabricated, characterized and evaluated fluconazole microsponges for topical fungal therapy. This group reported fluconazole microsponges as an alternative to conventional therapy for safe efficient and facilitated eradication of fungal infection topically [@bib0085].

Srilakshami and Prathima encapsulated voriconazole in microsponges with varying proportions of Eudragit RS100 and Eudragit L100 using quasi-emulsion diffusion method. These microsponges were further loaded in gels. Characterization studies showed high encapsulation efficiency in these carriers. *In vivo* activity was performed in guinea pigs by inducing fungal infection using *Candida albicans*. Voriconazole showed a significant antimicrobial and antifungal activity as compared to the conventional fluconazole gel, which was used as a reference. The antimicrobial study revealed greater zone of inhibition with microsponge loaded voriconazole gel in comparison to the marketed fluconazole gel, used as a control. Hence, voriconazole microsponge loaded gel may be considered as a potential option for treatment of fungal infections [@bib0065].

Recently, Dinesh Mohan and Gupta formulated and evaluated fluconazole loaded microsponge gel for topical sustained delivery. However, the study was restricted to preparation and characterization of drug loaded microsponges and microsponge loaded gel [@bib0070]. Bothiraja et al. prepared ethyl cellulose based microsponges of eberconazole and incorporated it into gel for topical delivery. The characterization of microsponges and skin irritation studies were conducted to demonstrate controlled release and non-irritancy. Further, antifungal activity was carried out on the microsponge gel. Results of *in vivo* skin deposition study demonstrated four times higher drug retention in the stratum corneum when compared to commercial cream. Results signified that the prepared eberconazole microsponge gel may be a potential topical delivery system for antifungal therapy [@bib0019]. Recently, Pande et al. fabricated and characterized sertaconazole nitrate microsponges for topical drug delivery. This group prepared drug loaded microsponges and characterized them for various parameters like particle size, production yield, entrapment efficiency and drug content. Microsponges were further loaded into 1% Carbopol gel and evaluated appropriately. Further, *in vivo* studies were not carried out [@bib0069].

9.3. Microsponges for atopic dermatitis {#sec0021}
---------------------------------------

Hydroxyzine hydrochloride is an antihistaminic drug used for the treatment of urticaria and atopic dermatitis. Blurred vision, dizziness, and anticholinergic responses are the most common side effects of this drug, when administered orally. The MDS is a unique technology reported for the controlled delivery of the topically active agent. Therefore, these were studied as vehicle for topical administration of hydroxyzine hydrochloride with an attempt to reduce the side effects and to target the drug to the site of action. It has been shown by Zaki Rizkalla et al. that controlled release of hydroxyzine hydrochloride from the delivery system could reduce the side effects while reducing percutaneous absorption. Eudragit RS100, based microsponges of the drug were fabricated by the oil in oil emulsion solvent diffusion method, with acetone as dispersing solvent and liquid paraffin as the continuous medium. Magnesium stearate was added to the dispersed phase in order to prevent flocculation and to obtain free flowing microsponges. Pore inducers, such as sucrose and PGS, were used to enhance the release rate of drug due to their water absorption and disintegrant properties. Microsponges with nearly 98% encapsulation efficiency and 60--70% porosity were obtained. The pharmacodynamic effect of the chosen preparation was investigated using histamine-sensitized rabbits. Histopathological studies were also carried for the detection of the healing of inflamed tissues [@bib0001].

The percutaneous absorption of drug increases the risk associated with systemic absorption of topically applied formulation. D\'souza and Harinath, prepared fluocinolone acetonide entrapped microporous particles, which limit the percutaneous absorption by controlling release of the drug [@bib0064]. Mometasone furoate is a medium potency, synthetic, non-fluorinated topical corticosteroid, used for the relief of inflammatory and pruritic manifestations of corticosteroid-responsive dermatoses, including psoriasis. Controlled release topical formulation of the drug is expected to reduce the side effects while decreasing percutaneous absorption as the same time. Therefore, Rekha and Manjula aimed to produce mometasone furoate entrapped microporous particles to control its release in skin. Mometasone furoate microsponges were fabricated using emulsion solvent diffusion method. For optimization of the microsponges, factors affecting the physical parameters of formulation were determined. Excipients and drug compatibility interaction was studied by FTIR spectroscopic analysis. Production yield, loading efficiency and surface morphology of microsponges were also investigated. It was observed that the drug-polymer ratio, stirring rate, volume of external and internal phase, affected the particle size and drug release behaviour of microsponges. The results indicated that, generally an increase in the drug-polymer ratio results in a reduction in the release rate of mometasone furoate from microsponges [@bib0035].

Paeonol is one of the major active components from the root bark of *Paeonia suffruticosa.* It has the potential to treat neurodegenerative diseases by alleviating morphological damage [@bib0086] increasing neuron viability [@bib0087] and reducing cerebral infraction [@bib0088]. It also possesses anti-arrhythmic [@bib0089] anti-atherogenic [@bib0090] anti-tumor [@bib0091] and anti-inflammatory activity [@bib0092]. Further, it is widely used in cardiovascular diseases [@bib0093], [@bib0094] and eczema due to its anti-anaphylactic activity [@bib0095]. However, it is unable to penetrate the stratum corneum, as it has a low aqueous solubility, with an oil/water partition coefficient of 2.21 [@bib0096], [@bib0097]. Paeonol microsponges were prepared by using the quasi-emulsion solvent-diffusion method and incorporated in a cream base. *In vitro* release studies were carried out using Franz diffusion cells. Results depicted that the drug delivered via microsponges possessed increased permeation rate. *Ex vivo* drug deposition studies demonstrated that this novel formulation improved drug residence in the skin. In addition, *in vivo* microdialysis showed that the value for the area under the concentration *versus* time curve for the paeonol microsponge cream was much better than that of paeonol cream without microsponges. Results indicated that paeonol microsponge formulations could be better choice for treating skin disease, as the formulation improved drug bioavailability by increasing the drug residence time in the skin. Reduction in the amount of drug entering into the systemic circulation offers the added advantages of diminishing the adverse effects associated with the drug [@bib0015].

9.4. Microsponges for anti-hyperpigmenting agents {#sec0022}
-------------------------------------------------

Hyperpigmentation disorders such as melasma and post inflammatory hyperpigmentation (PIH) are difficult to treat as well as can be distressing for patients. Many of the skin lightening products such as hydroquinone creams available in the market prove toxic to skin melanocytes and cause skin irritation as well. Some researchers explored microsponge based topical delivery system to overcome these problems. Grimes et al. reported the potential use of hydroquinone (HQ) 4% and retinol 0.15% entrapped in microsponge reservoirs for the treatment of melasma and PIH. Results reported minimum skin irritation as microsponges altered the release rate of the drug and prolonged the treatment exposure. The safety and efficacy studies were carried out as 12 weeks open-label study with 25 patients. The encapsulated 4% HQ/0.15% retinol formulation showed good tolerability and improvement at each visit, except in one patient who discontinued the treatment because of an allergic reaction. Overall improvement in disease and hyperpigmentation intensity was found statistically significant at 4, 8 and 12 weeks when discontinued because of allergic reaction [@bib0063].

Glabridin, another topical depigmenting agent, effective in the treatment of melasma, freckle and age spots has been reported. It is isolated from the plant *Glycerrhiza glabra*. This tyrosinase inhibitor prevents melanin synthesis. Glabridin microsponges were incorporated in gel for topical delivery. Drug loaded microsponges were characterized by scanning electron microscopy and FTIR spectroscopy. *In vitro* diffusion and drug loading studies were carried out. Highest correlation was found with Higuchi treatment as revealed by *in vitro* release studies. Glabridin loaded microsponge based gel showed better depigmenting activity [@bib0017].

9.5. Microsponges for anti-bacterial drugs {#sec0023}
------------------------------------------

Infections, especially skin infections triggered by multiple bacteria constitute an extensive complication that threats the human health. This encourages the researchers to find an alternative for management of skin disorders by encapsulating the antibacterial drugs in novel carrier systems to enhance their efficacy [@bib0098]. A topical antibiotic used for skin infection is mupirocin. It is a drug of choice for the suppression of inflammation [@bib0099] produced by *Pseudomonas fluorescens,* bacteria that inhibits the growth of various dermatophytes and *Pityrosporum* [@bib0100]. It binds to the enzyme iso-leucyl of bacterial RNA synthetase, and inhibits bacterial protein synthesis [@bib0101], [@bib0102]. It is metabolized slowly in skin to the antimicrobially inactive metabolite monic acid.

Amrutiya et al. investigated emulgel bases loaded with microsponges for topical delivery. Briefly, mupirocin containing microsponges were prepared by emulsion solvent diffusion method. Formulation and process variables were optimized using 3^2^ factorial design. Optimized microsponges were further incorporated into an emulgel base. *In vitro* drug release, *ex vivo* drug deposition, and *in vivo* antibacterial activity of formulations were studied. Drug release through cellulose dialysis membrane showed diffusion-controlled release. Drug deposition studies using rat abdominal skin exhibited significant retention of the drug in the skin from microsponge loaded gel, in 24 h. The optimized formulations were stable and non-irritant to skin as revealed by Draize patch test. Microsponge-based emulgels exhibited prolonged efficacy in mouse surgical wound model infected with *Staphylococcus aureus*. The results suggested that this topical delivery system could be a potential delivery system for the treatment of primary and secondary skin infections like impetigo, eczema, and atopic dermatitis [@bib0022].

Kumar et al., fabricated silver sulfadiazine microsponges through water in oil in water emulsion by solvent evaporation technique for burn wounds application. To optimize the formulation variables, 3^2^ factorial design was employed. The optimized microsponges were incorporated in Carbopol gel. Various analytical tools, such as particle size analysis, FTIR, PXRD, DSC, mercury intrusion porosimetry and SEM analysis, were used to characterize the prepared microsponges. The dermal toxicity was assessed by MTT assay on mouse embryonic fibroblast (NIH-3T3) and epidermal keratinocyte (HaCaT) cell lines. To compare the antibacterial inhibitory efficacy of the optimized gel with commercial product, *in vitro* antibacterial studies were performed against the *Pseudomonas aeruginosa* and *Staphylococcus aureus*. Burn wound mouse model was employed to assess the potency of the optimized gel. Results indicated three fold enhancements in drug retention in skin layers and antibacterial inhibitory efficacy of the prepared formulation was found comparable to the commercial product. Silver sulfadiazine microsponge delivery system exhibited no skin irritation, low cytotoxicity on cell lines with enhanced wound healing efficacy [@bib0020].

Anti bacterial potential of babchi oil loaded microsponges was explored by Wadhwa et al. using dermal bacteria (*Pseudomonas aeruginosa, Staphylococcus aureus and Escherichia coli*)*. In vitro* cytotoxicity was evaluated to explore dermal safety of fabricated microsponges, on HaCaT cell lines (dermal cells) with respect to pure babchi oil. Further, improved photostability and stability of babchi oil loaded microsponges was demonstrated. This study advocated the micropsonges as potential carriers for enhancement of safety, stability and efficacy of babchi oil [@bib0071].

The therapeutic efficacy of tea tree (*Melaleuca alternifolia*) oil is diminished due to its poor aqueous solubility, low stability and high volatility. To circumvent these limitations, tea tree oil (TTO) loaded microsponges were fabricated using ethyl cellulose and PVA by Yadav and her research group. The optimized formulations were incorporated into Carbopol gel and subsequently, evaluated for drug release, photostability, antibacterial activity and skin irritation. MS-loaded gels were observed to be stable and non-irritant. Antibacterial potential of TTO microsponge gel displayed enhanced zones of inhibition with respect to TTO gel against *Pseudomonas aeruginosa, Staphylococcus aureus and E. coli*. The prepared microformulation can be a better alternative to commercial antibacterial formulations for dermal microbial disorders [@bib0073].

9.6. Miscellaneous applications of microsponges {#sec0024}
-----------------------------------------------

Oxybenzone is one of the most widely used chemical filters found in commercial sunscreen products. This broad spectrum sunscreen agent reduces dermal penetration of radiations [@bib0103], [@bib0104]. Topically available conventional oxybenzone sunscreen products cause dermatitis, skin irritation and systemic absorption [@bib0105], [@bib0106]. Pawar and coworkers investigated the topical delivery of this molecule using microsponge loaded gel. Drug loaded microsponges were successfully formulated by quasi-emulsion solvent diffusion method using ethyl cellulose. 3^2^ factorial designs were used for optimization of the formulation. The optimized microparticles were dispersed into hydrogel and further evaluated. Particle size measurements and drug entrapment efficiency were also checked. Results demonstrated that the controlled release of oxybenzone from the porous structures and barrier effect of gel resulted in prolonged retention of drug with reduced permeation, irritation or toxicity, and enhanced sun protection factor [@bib0007].

A well known topical antiviral agent for the treatment of herpes simplex infections of skin is acyclovir. Chandramouli et al., developed acyclovir loaded microsponges employing quasi-emulsion solvent diffusion technique, in order to eliminate problems associated with topical formulations. Two grades of Eudragit polymers (Eudragit RSPO and RLPO) and methyl cellulose were used in the formulation as rate controlling polymers. In addition to characterization, the microsponges were evaluated for particle size, production yield, loading efficiency, entrapment efficiency and dissolution behavior. The selected microsponges were entrapped in Carbopol gels. *In vitro* release was determined using egg membrane which depicted prolonged release of the drug from microsponges. On the basis of results, it was suggested that acyclovir microsponge loaded topical gel showed sustained release and enhanced retention of drug in skin [@bib0036].

Recently, sertaconazole nitrate, a 14α-demethylase inhibitor used in various skin disorders, was encapsulated in Eudragit microsponges. The microsponges were fabricated employing quasi emulsion solvent diffusion method. The fabricated microsponges were investigated for production yield, particle size, drug content and entrapment efficiency. Topography and pore structure analysis were carried out through SEM and mercury intrusion porosimetry, showing spherical and porous nature of the formulation, respectively. Further, microsponges incorporated into Carbopol gel (1%) were analyzed for drug content, pH, *in vitro* release and gel texture. From the results obtained, the Carbopol gel loaded with sertaconazole nitrate microsponges was found promising for topical delivery of its antifungal agent [@bib0069].

Nebivolol was formulated in microsponges using oil in oil solvent diffusion method. The prepared microsponges were further incorporated in Carbopol 934 gel (2%) for management of moist wound environment. The prepared formulations were evaluated for physicochemical parameters. *In vitro* diffusion study of the optimized formulation displayed slow release behavior with 80% drug release in 8 h. The gel properties like pH, drug content and viscosity were also explored. Excision wound and streptozotocin-induced diabetic rat model were used for *in vivo* studies, which exhibited wound closure activity and wound healing within ten days. Histopathological results like, neovascularization and inflammatory cell infiltrations in granulation tissues signified wound healing potential of prepared microformulation. The obtained results demonstrated that nebivolol-loaded microsponge gel may act as a potential carrier system for diabetic wound healing [@bib0107].

10. Safety aspects {#sec0025}
==================

The true worth of a delivery system is judged on the basis of its ability to deliver effective concentration of the active agent without compromising on the safety aspects. In other words, the drug should be released from the delivery system in such a manner that it does not induce any irritation, cytotoxicity, genotoxicity or immunogenicity. With particular reference to dermatological application, the system should also prevent any dermal sensitization reactions, if reported with the active agent incorporated.

In context of dermal topical preparations, skin irritation is a commonly encountered adverse effect, however, skin irritation can be directly correlated with the concentration of the active agent. In this concern, the delivery system loaded with the active agent can play a key role by modulating its release and, further, may even modify this correlation by facilitating intrafollicular penetration and decreasing its percutaneous uptake [@bib0058]. Some groups of researchers have checked skin irritation potential of microsponge based topical formulations, whose results are evaluated in terms of erythma, oedema and irritation, using rats or rabbits as animal model. Active agents such as eberconazole nitrate [@bib0019], oxybenzone [@bib0007] and silver sulfadiazine [@bib0020] have been, thus, investigated. Their findings have proven the potential of these delivery systems to subdue or eliminate the skin irritancy.

Cytotoxicity evaluation of the drug loaded microporous carriers constitutes an important aspect of formulation development. The cytotoxic effects of both, the active agent as well as the ingredients comprising the delivery system, should be taken into account. The percent cell viability and IC~50~ values should be found out for the drug alone, drug loaded microsponges and blank microsponges. Such a comparative evaluation will present a clear picture pertaining to cytotoxic effects of the prepared formulations. Howbeit, evaluation of microsponges from this perspective seems to have been overlooked. Recently, Kumar and Ghosh, conducted dermal cytotoxicity studies as a part of evaluation of silver sulfadiazine loaded microsponge gel [@bib0020].

11. Stability issues {#sec0026}
====================

Microsponges have been found to remain stable in the range of physiological pH and, therefore, can be used as a versatile carrier system. Due to their property of thermostability, they can withstand temperatures upto 130 °C. As their average pore size is 0.25 µm, microsponge formulations are self-sterilizing, limiting bacterial penetration [@bib0108]. Although, microbial entry to the bulk is prevented, they can grow on the surface of microsponges [@bib0109].

For stability testing of the microsponge formulations, generally ICH guidelines are followed. Osmani et al. filled optimized diclofenac diethylamine microsponge loaded gel in clean, lacquered, collapsible aluminum tubes, and various replicates were kept at 40 °C and 75% RH in a humidity chamber. Gel was assessed for change in its appearance, pH or *in vitro* release profile for 90 d. During stability studies, no change in physical appearance and no significant deviation in pH were observed. Results indicated no considerable change in drug content as well as percent drug release. Therefore, no evidence of drug degradation was seen in this study. After comparing the optimized formulation, drug release profiles prior to and after 3 months were determined, and similarity factor was also calculated. *f*~2~ value was found to be 82.38 (\>50). As similarity factor was greater than 50, it was concluded that the product possessed good stability over a period of 3 months [@bib0012]. For curcumin microsponges, researchers also performed Fourier transform infrared spectroscopy (FTIR) studies for the analysis of stability of the product, in addition to the above mentioned parameters. The FTIR spectra revealed no sign of instability of the drug, suggesting good shelf life of microsponge delivery system [@bib0110].

12. Recent advances in porous drug delivery systems {#sec0027}
===================================================

Although merits of microporous systems in dermatological preparations are well proven, in the current times when nanotechnology is dominating all the spheres of scientific endeavours, nanosized porous systems are being approached as a further advancement to their microsized counterparts. Nanosponges are hyper cross-linked polymer based colloidal structures, consisting of countless interconnecting voids within a collapsible structure with porous surface [@bib0111]. These offer passive targeting of dermal agents to skin leading to dosage form retention on skin, total dose reduction and systemic absorption avoidance. Very few research groups have attempted to investigate these nanoporous carriers for encapsulating dermally relevant moieties. Swaminanthan et al. formulated cyclodextrin nanosponges for solubility enhancement of itraconazole, a poorly water soluble drug [@bib0112]. The babchi oil loaded cyclodextrin nanosponges were also fabricated by our research group for solubility and photostability enhancement of entrapped essential oil [@bib0113]. Sharma and Pathak fabricated ethyl cellulose nanosponges as an alternative system for targeting econazole nitrate to the skin through hydrogel formulation [@bib0114]. Hence, nanosponges can be looked upon as an emerging alternative for dermatological disorders. In view of the safety concerns associated with nanoscale particles, exploration of these nano porous systems as carriers for dermatological agents demands a great deal of attention and in depth investigation. Veritably, this domain offers tremendous scope and scientists looking to enter this field should give due consideration to the issues stated above.

13. Expert opinion {#sec0028}
==================

Given the drawback of conventional dermatological formulations yielding relatively greater drug concentrations in short duration of time or vice-versa, many serious adverse effects ensue occasionally. By virtue of their structure, size, composition and drug release pattern, microsponges represent a promising strategy for dermatologists. A critical analysis of published research work in this field drives us to certain lacunas present in the research carried out so far. Further, based on an in depth analysis of the investigations undertaken, and results thereof, certain key points may be deduced, which pave way for the upcoming research in this area. These keypoints are listed as under:

\(1\) As far as fabrication technique is concerned, suspension polymerization technique is the commercially used method which suffers from a significant drawback that majority of active compounds undergo decomposition at polymerization temperature. As an alternative to this, quasi-emulsion solvent diffusion has been extensively utilized for preparing microsponges. The higher yield obtained with this technique is a valuable advantage.

\(2\) As it is, the formulation and process variables have a profound impact on the quality and efficiency of the microsponges, the relationship of such factors affecting product performance can be investigated more effectively by implementing quality by design (QbD) fundamentals in the development of microsponges. Recently, Pandit et al., and Kumar and Ghosh applied multivariate statistical analysis and Design of Experiments to optimise the critical factors in microsponge development [@bib0020], [@bib0107].

\(3\) *In vitro* drug release studies for microsponges till date, have been restricted to determination of drug release profile and extent of release, as well as application of release kinetics models. These studies seem incomplete without measuring the drug deposition in skin. Although, it is common knowledge that topical delivery improves the residence time of topically applied drugs, which is an important aspect of a controlled release formulation, at the same time avoiding increase in drug permeation. From this point of view, skin deposition studies, are valuable tools to validate this.

\(4\) *In vivo* investigations, with the view to quantify the drug reaching different strata of the skin, provides a clear view of cutaneous drug distribution as well as targeting, making the evaluation of topical microsponge based formulations more meaningful. Li et al. employed microdialysis technique for quantitative determination of paeonol in skin layers [@bib0015].

\(5\) Microsponges are best applied in a suitable base, which may be chosen from cream, lotions, gel or emulgel. However, the choice of suitable base should be made on the basis of well-planned studies with the objective of ensuring product performance.

\(6\) The safety testing of any drug product cannot be overemphasized. In respect of microsponge based dermal products, the major point of merit is that these are devoid of any surfactant. On the other hand, most of the topical drug delivery systems employ one or more surfactant(s), which are known for their ability to enhance permeation, cause irritation and induce toxic reactions. The safety studies for microsponges may be further supplemented by carrying out histopathological examination to confirm absence of any adverse skin reactions with advantage of reduced systemic side effects. Further, the cytotoxicity testing of these products should be conducted on cell lines specific to the dermatological route of drug delivery, such as human keratinocytes, and dermal fibroblasts.

14. Conclusions {#sec0029}
===============

The aim of dermatologists and cosmetic chemists is to develop new technology and tailor made products. Innovative cosmetic and dermatological formulations can be designed by an improved understanding of skin physiology and understanding its structure and function. In addition, the pharmaceutical formulator must possess a good knowledge of the physicochemical properties of drugs and polymers used, to be able to apply this new technology successfully, in drug delivery. Without further optimisation, addition of polymers to the existing formulations will seldom result in acceptable outcome.

Microsponge based delivery systems have been one of the key technologies investigated in the last few years. These systems display a strong rationale for cosmetic and dermal applications, in order to enhance the therapeutic performance of active molecules, with improved patient compliance. As Li et al. reported that the microsponge delivery system could not only enhance paeonol permeation but also decline transdermal penetration of the active molecule, which should lead to its augmented bioavailability in skin, with reduction in side effects while treatment of skin problems. Additionally, microsponges have the capacity to extend the drug residence in skin and allow prolonged drug release for up to 12 h, resulting in a long active time for the drug in topical treatment. These properties ascertain that MDS could be a promising platform for a new generation of dermatological and cosmetic treatments [@bib0015]. However, the level of drug distribution in the stratum corneum, epidermis, and dermis layers of skin and the mechanism of drug penetration are still at infancy, thus further studies to explore these aspects are needed.

Based on the scientific literature, it may be concluded that microsponge technology is a crucial tool, not only for scientific research based on this system, but also for the industrial development of new cosmetic products. In commercial formulations, microsponges are already being used or being proposed for the future use, as carrier of cosmetic and dermatological actives. Researchers, regulators and manufacturers should come together to adopt a scientific approach so as to produce safe topical products, using new technologies for both medicinal and cosmetic purposes and help in passing on these benefits to the consumers in a cost effective manner. Although, topical application for cosmetic and dermal benefits is associated with the advantage of reduced systemic side effects, certain drugs have the potential to induce problems like local irritation. Microsponges for topical delivery have overcome this obstacle to a great extent. Furthermore, these facilitate controlled release of potentially irritating molecules with better therapeutic delivery, resulting in improved adherence of patients to topical treatment. Additionally, the microsponge particles are too large to be absorbed through skin, which contributes to the safety of these microcarriers. However, there are still some unexplored, possible grey areas regarding the biocompatibility and toxicity of these porous microparticles, which makes an appeal for more exhaustive studies on their safety profile for the success of this system. Fascinatingly, a rapid increase in microsponge based cosmetic and dermatologic products can be expected in near future.
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